Poly(ADP-ribose) polymerase-1 (PARP-1) is activated in response to DNA injury in eukaryotic cells and has been implicated in cell dysfunction in reperfusion injury. In this study we investigated the role of PARP-1 on apoptosis in early myocardial reperfusion injury. Mice genetically deficient of PARP-1 (PARP-1 -/-) and wild-type littermates were subjected to myocardial ischemia and reperfusion. Myocardial injury was assessed by measuring the serum levels of creatine phosphokinase and oligonucleosomal DNA fragments in the infarcted area. Expression of the anti-apoptotic protein, Bcl-2, and the pro-apoptotic protein, Bax, was analyzed by Western blot. Activation of caspases, important executioners of apoptosis, and activation of the nuclear factor κB (NF-κB) pathway were evaluated. Gene expression profiles for apoptotic regulators between PARP-1 -/-and wild-type mice also were compared. Myocardial damage in PARP-1 -/-mice was reduced significantly, as indicated by lower serum creatine phosphokinase levels and reduction of apoptosis, as compared with wild-type mice. Western blot analyses showed increased expression of Bcl-2, which was associated with reduction of caspase-1 and caspase-3 activation. This cardioprotection was associated with significant reduction of the activation of IκB kinase complex and NF-κB DNA binding. Microarray analysis demonstrated that the expression of 29 known genes of apoptotic regulators was significantly altered in PARP-1 -/-mice compared with wild-type mice, whereas 6 known genes were similarly expressed in both genotypes. The data indicate that during reperfusion absence of PARP-1 leads to reduction of myocardial apoptosis, which is associated with reduced NF-κB activation and altered gene expression profiles.
INTRODUCTION
Coronary reperfusion after ischemia may exacerbate myocardial injury by the release of potent reactive oxygen and nitrogen species, thus influencing the degree of recovery and, eventually, cell death by necrosis and apoptosis (1) (2) (3) . Current evidence suggests that these reactive species activate signal transduction pathways, which lead to a rapid activation of the nuclear factor-κB (NF-κB), through interaction with IκB kinase (IKK). Activation of this transcription factor induces a coordinate expression of genes of several inflammatory mediators, including cytokines and adhesion molecules (4) (5) (6) .
Previously, our laboratory and other investigators have shown that oxidative stress may cause metabolic disarrangement through a pathway mediated by poly(ADP-ribose) polymerase (PARP) (7) (8) (9) (10) (11) . PARP is a chromatin-associated nuclear enzyme, which is activated by stranded DNA nicks and breaks in damaged cells. It modifies nuclear proteins through attachment of poly(ADP-ribose) units (8, 9) . Active PARP causes ADP-ribosylation of a wide variety of proteins including histones, topoisomerases I and II, and molecule Ap4A, which associates with DNA polymerase, DNA polymerases α and β, DNA ligase, and PARP itself (10, (12) (13) (14) (15) . However, the role of PARP in functions of nuclear proteins and transcription factors is not completely understood.
Recently, it has been reported that PARP is a family of enzymes comprised of several members such as PARP-1, short PARP, PARP-2, PARP-3, vault PARP, and tankyrase (14) . Evidence has accumulated that activation of PARP-1 is a major cytotoxic pathway for tissue injury in different pathologies associated with inflammation (16) . In previous in vivo studies, we have demonstrated that pharmacological inhibition of PARP or genetic ablation of PARP-1 ameliorates the pathophysiologic changes of myocardial reperfusion injury (17) (18) (19) . Abolition of poly(ADPribosyl)ation, with the use of pharmacological inhibitors or genetic deletion of PARP-1, also has been shown to attenuate tissue injury after endotoxic and hemorrhagic shock, cerebral ischemia, streptozocin-induced diabetes, arthritis, and localized colon inflammation (7, (20) (21) (22) (23) (24) .
In this study, we provide insight into the cardioprotective mechanism of PARP-1 inhibition. We demonstrated that the extent of myocardial cell apoptosis is reduced substantially in PARP-1 -/-mice. Furthermore, our results indicate that PARP-1-induced changes of NF-κB activation and gene expression of apoptotic regulators may contribute to myocardial reperfusion injury.
MATERIALS AND METHODS

Myocardial Ischemia and Reperfusion
The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and commenced with the approval of the Institutional Animal Care and Use Committee. Mice genetically deficient of PARP-1 (PARP-1 -/-) and their wildtype littermates PARP-1 +/+ (129/SV × C57BL/6, 20 to 22 g) were anesthetized with thiopentone sodium (40 µg/g). The trachea was cannulated with a PE-90 catheter and artificial respiration was provided by a respirator with FiO 2 of 0.80, a frequency of 100 strokes/min and a tidal volume of 0.8 to 1.2 mL to maintain normal PO 2 , PCO 2 , and pH. Rectal temperature was monitored with a rectal probe and was maintained within 36.5 and 37 °C. Coronary occlusion and reperfusion was performed as previously described (19) . The chest was opened by a cut along the left side of the sternum through the ribs. The animal was rotated to expose the left ventricle. The left anterior descending branch (LAD) of the left coronary artery was occluded by ligation with a 7-0 silk suture over a 1-mm section of PE-10 tubing, which was placed on top of the vessel. After 30 min occlusion, reperfusion occurred by cutting the suture. In the heart, the cardiac venous network was clearly visible with a dissection microscope, and no veins were occluded with this maneuver. Different groups of mice were sacrificed at the end of the ischemia (30 min) or at various time points after reperfusion (5, 15, 30, 45 , 60 min, and 24 h). Blood samples were collected. Hearts were rapidly harvested, and the left ventricles were used for histological and biochemical studies. A group of mice underwent the above surgical procedure with the exception of LAD occlusion and reperfusion and served as sham control group.
Measurement of Serum Creatine Phosphokinase Activity
Serum levels of creatine phosphokinase were evaluated as an index of cardiac cellular damage by using a commercial kit (Sigma Chemical Co., St. Louis, MO, USA).
Determination of Apoptosis
Cell death by apoptosis was evaluated by measuring oligonucleosomal DNA fragments using a histochemical terminal deoxynucleotidyl transferase (TdT) "Tunel"-like staining (TdT-FragEL kit, Oncogene Research Products, Cambridge, MA, USA) and by a DNA laddering assay as previously described (25) . For the in situ Tunel staining, frozen cardiac sections were permeabilized with protease K (2 mg/mL) in 10 mM Tris (pH 8) at room temperature for 20 min. Endogenous peroxidase was quenched with 3% H 2 O 2 in methanol for 5 min. Sections were incubated with a reaction buffer composed by biotin-dCTP and unlabeled dCTP and TdT enzyme in a humidified chamber at 37 °C. In this assay, TdT binds to exposed 3′OH ends of DNA fragments and catalyzes the addition of biotin-labeled and unlabeled deoxynucleotides. Then byotinilated nucleotides were detected using a streptavidinhorseradish peroxidase conjugate and diaminobenzidine. To quantitate the degree of apoptosis, the numbers of apoptotic cells were counted by 3 independent observers blinded to experimental protocol. The apoptotic index (number of stained myocardial nuclei/number of total myocardial nuclei) was calculated. For the DNA laddering assay, hearts were homogenized in a buffer containing 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 1.0 mM MgCl 2 , 0.44 mM KH 2 PO 4 , 0.34 mM Na 2 HPO 4 , 5.6 mM glucose, and 20 mM HEPES (pH 7.5). After centrifugation (1000 × g, 10 min), the pellets were solubilized at 4 °C with lysis buffer (50 mM Tris, 10 mM EDTA, 0.5% Sarkosyl, pH 8.0) and digested in the presence of protease K (1 mg/mL) for 2 h at 50 °C. Samples were then treated with 20 µg RNase at 37 °C for 1 h. Equal quantities of sample along with 1-kb DNA ladder (Gibco Technologies, Grand Island, NY, USA) were subjected to electrophoresis on a 1.8% agarose gel containing ethidium bromide. DNA staining was visualized using the Bio-Rad gel documentation system (Bio-Rad Laboratories, Hercules, CA, USA).
Subcellular Fractionation and Nuclear Protein Extraction
Hearts were homogenized in a buffer containing 0.32 M sucrose, 10 mM Tris HCl, pH 7.4, 1 mM EGTA, 2 mM EDTA, 5 mM NaN 3 , 10 mM β-mercaptoethanol, 20 µM leupeptin, 0.15 µM pepstatin A, 0.2 mM phenylmethylsuphonyl fluoride, 50 mM NaF, 1 mM sodium orthovanadate, and 0.4 nM microcystin. The homogenates were centrifuged (1000 × g, 10 min) and the supernatant (cytosol + membrane extract) was collected to evaluate Bax, Bcl-2, and IκBα content and activity of IKK and caspase-1 and caspase-3 as described below. The pellets were solubilized in Triton buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris HCl, pH 7.4, 1 mM EGTA, 1 mM EDTA, 0.2 mM sodium orthovanadate, 20 µM leupeptin A, 0.2 mM phenylmethylsuphonyl fluoride. The lysates were centrifuged (15000 × g, 30 min, 4 °C), and the supernatant (nuclear extract) was collected to evaluate the activity of NF-κB.
Measurement of Activity of Caspase-1 and Caspase-3
Activity of caspase-1 and caspase-3 was measured by the cleavage of the fluorogenic tetrapeptide-amino-4-methylcoumarine conjugates, YVAD-amino-fluoro-coumarine (AFC) for caspase-1 and DEVD-AFC for caspase-3, as described (26) . Cytosol extracts and substrates (50 µM) were combined in the caspase reaction buffer (100 mM HEPES, 10% sucrose, 5 mM dithiothreitol, 0.1% CHAPS, pH 7.25). AFC liberation was monitored for more than 30 sec with a Perkin-Elmer fluorimeter using 400-nm excitation and 505-nm emission wavelength. Fluorescence units were converted to pmols of AFC using a calibration curve generated with free AFC. Data are given as YVAD-fluoro-methyl-ketone or DEVDfluoro-methyl-ketone inhibitable AFC generation.
Western Blot Analyses
Cytosol content of Bax and Bcl-2 and cytosol degradation of IκBα were determined by immunoblot analyses. Cytosol extracts were boiled in loading buffer (125 mM Tris HCl, pH 6.8, 4% SDS, 20% glycerol, and 10% 2-mercaptoethanol) and 50 µg of protein were loaded per lane onto an 8% to 16% Tris-glycine gradient gel. Proteins were separated electrophoretically and transferred to nitrocellulose membranes. For immunoblotting, membranes were blocked with 5% nonfat dried milk in Tris buffered saline for 1 h and then incubated with primary antibodies against Bax, Bcl-2, or IκBα for 1 h. The membranes were washed in Tris-buffered saline with 0.1% Tween 20 and incubated with secondary peroxidaseconjugated antibody. Immunoreaction was visualized by chemiluminescence. Densitometric analysis of blots was performed using ImageQuant (Molecular Dynamics, Sunnyvale, CA, USA).
Assay of IKK Activity
Activity of IKK was determined by immune complex kinase assay and was estimated as the ability to phosphorylate glutathion-Stransferase-IκBα (25) . After immunoprecipitation of lysate with specific antibody directed to IKKγ, the immunoprecipitate was incubated for 30 min at 30 °C in 40 µL of reaction buffer (25 mM HEPES, pH 7.6, 20 mM MgCl 2 , 20 mM glycerol phosphate, 0.1 mM sodium orthovanadate, 2 mM dithiothreitol, 25 µM ATP, and 5 µCi of [γ-32 P]ATP. Glutathion-S-transferase-IκBα (1-54) (4 µg) was used as substrates for IKK complex. Reaction products were separated by SDS-polyacrylamide gel electrophoresis and visualized by autoradiography. Densitometric analysis was performed using ImageQuant (Molecular Dynamics).
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay was performed as previously described (25) . Oligonucleotide probes corresponding to NF-κB consensus sequence (5′-AGT TGA GGG GAC TTT CCC AGG C-3′) were labeled with γ-[ 32 P]ATP using T4 polynucleotide kinase and purified in Bio-Spin chromatography columns (Bio-Rad). Ten micrograms of nuclear protein were incubated with electrophoretic mobility shift assay buffer (12 mM HEPES pH 7.9, 4 mM Tris HCl pH 7.9, 25 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, 50 ng/mL poly [d(I-C)], 12% glycerol vol/vol, and 0.2 mM phenylmethylsuphonyl fluoride) and radiolabeled oligonucleotide. Excess of unlabeled oligonucleotide was added in some samples for competition to verify the specificity of NF-κB binding (data not shown). Protein-nucleic acid complexes were resolved using a nondenaturing polyacrylamide gel consisting of 5% acrylamide (29:1 ratio of acrylamide:bisacrylamide) and run in 0.5X TBE (45 mM Tris HCl, 45 mM boric acid, 1 mM EDTA) for 1 h at constant current (30 mA). Gels were transferred to Whatman 3M paper, dried under a vacuum at 80 °C for 1 h, and exposed to photographic film at -70°C with an intensifying screen. Densitometric analysis was performed using ImageQuant (Molecular Dynamics).
DNA Microarray Analysis
Total RNAs were isolated from hearts, 10 µg of total RNA were quantitatively amplified, and biotin was labeled as previously described (27, 28) . Briefly, RNA was converted to double-stranded cDNA with an oligo(dT) primer that had a T7 RNA polymerase site at the 5′ end. The cDNA was used directly in an in vitro transcription reaction in the presence of biotinylated nucleotides to produce antisense RNA, which was hybridized overnight to Genechips (Affymetrix, San Jose, CA, USA) displaying probes for 11000 genes and expressed sequence tags. Different groups of mice (n = 2 animals for each genotype) were sacrificed before ischemia (control group at time 0) or at the end of reperfusion (60 min). One chip for each animal was used. Chips were washed, stained with phycoerythrin-streptavidin, and read with Affymetrix Genechip scanner and accompanying gene expression software. Labeled bacterial RNAs of known concentration were spiked into each chip hybridization mix to generate an internal standard curve, allowing normalization between chips and conversion of raw hybridization intensity values to mRNA frequency (mRNA molecules per million). DNA microarray data were filtered for genes with RNA expression changes of 2-fold or greater at 1 h after reperfusion in PARP-1 -/-mice compared with wild-type mice. This screen resulted in 402 genes. With the K-means algorithm in the GeneSpring software (Silicon Genetics, Redwood City, CA, USA), clustering approaches with hierarchical tree analysis applied to the expression ratio measurements resulted in the selection of 35 genes with known functions as cell death regulators.
Materials
The primary antibodies directed at Bcl-2, Bax, IκBα and IKKγ, and the oligonucleotide for NF-κB were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). All other chemicals were from Sigma/Aldrich.
Data Analysis
All values in the figures and text are expressed as mean ± SEM of n observations (n = 3 to 12 animals for each group). The results were examined by analysis of variance with individual comparisons performed by t-test. For microarray analysis (n = 2), P values were derived from t-test analysis using the default statistical comparison provided by GeneSpring (Silicon Genetics). A P value < 0.05 was considered significant.
RESULTS
Absence of PARP-1 Reduces Myocardial Damage and Apoptosis
In wild-type PARP-1 +/+ mice, occlusion (30 min) of the LAD followed by reperfusion (60 min) resulted in a marked elevation of serum levels of creatine phosphokinase activity (2774 ± 513 U/mL). Absence of a functional PARP-1 gene in PARP-1 -/-mice resulted in a significant reduction of serum levels of creatine phosphokinase activity (687 ± 301 U/mL; P < 0.05), suggesting a reduction of myocardial damage. Basal levels of creatine phosphokinase activity were similar in PARP-1 +/+ and PARP-1 -/-mice (226 ± 39 and 385 ± 165 U/mL, respectively). These current data are in agreement with our previous studies demonstrating that inhibition of PARP-1 results in significant cardioprotection as evaluated by histology, creatine phosphokinase activity, and infarct size in rodents subjected to early (60 min) or late reperfusion injury (24 h) (17) (18) (19) .
To test whether myocardial injury was associated with cell death by apoptosis, we measured oligonucleosomal DNA fragmentation. In-gel electrophoresis of DNA revealed significant fragmentation in hearts of PARP-1 +/+ mice at 60 min after reperfusion ( Figure 1A ). This finding was confirmed by in situ Tunel staining, which showed the marked appearance of dark brown apoptotic cells scattered throughout the infarcted area of PARP-1 +/+ mice ( Figure 1B) . On the contrary, DNA fragmentation was abrogated and only a small number of cells were stained dark brown in the left ventricle of PARP-1 -/-mice ( Figure 1A and 1C) , indicating a significant decrease of apoptotic cell death. Apoptotic indices of hearts from PARP-1 +/+ mice compared with PARP-1 -/-mice were 0.70 ± 0.09% compared with 0.46 ± 0.04%, respectively (P < 0.05). Few or no apoptotic cells were observed in sections from sham mice of both genotypes.
Levels of Bcl-2 Are Increased in PARP-1 -/-Mice
The change in expression of apoptosis-related proteins was analyzed during the course of reperfusion by Western blotting. The anti-apoptotic protein Bcl-2 diminished after reperfusion in hearts of wild-type mice, whereas it increased in PARP-1 -/-mice. Expression of the pro-apoptotic Bax remained unchanged after ischemia and reperfusion in mice of both genotypes (Figure 2) .
Activity of Caspase-1 and Caspase-3 Is Reduced in PARP-1 -/-Mice
Downstream effectors of apoptosis are cysteine proteases or caspases (29) . Therefore, we determined the activity of caspase-1 and caspase-3. The proteolytic activity of both caspases increased at the end of ischemia, but returned to basal activity at 1 h after reperfusion in wild-type mice. On the contrary, we observed a significant reduction of activity of both caspases after ischemia in PARP-1 -/-mice (Figure 3) . At later stages of reperfusion (24 h), caspase-3 activity was below basal levels and ranged between 2.38 ± 0.03 and 1.47 ± 0.84 µmol/100 mg tissue in PARP-1 +/+ and PARP-1 -/-mice, respectively, whereas caspase-1 activity was undetectable in both genotypes. To investigate the molecular mechanisms by which absence of PARP-1 may attenuate reperfusion injury, we evaluated the nuclear activation of NF-κB. In PARP-1 +/+ mice, DNA binding of NF-κB increased after reperfusion in a biphasic fashion, increasing early at 5 min after reperfusion, then decreasing at 15 min, and increasing again at later reperfusion. In PARP-1 -/-mice, activity of NF-κB exhibited similar biphasic kinetics. However, the degree of activation was significantly reduced when compared with wild-type mice (Figure 4) . At later stages of reperfusion (24 h), NF-κB activation was similar in both experimental groups. The fold increase of NF-κB activity was 1.10 ± 0.06 and 1.41 ± 0.19 compared with basal levels at time 0 (set to 1), respectively, in PARP-1 +/+ and PARP-1 -/-mice. Because degradation of IκBα by a phosphorylation-and ubiquitination-dependent pathway, represents an important event for NF-κB nuclear translocation and the initiation of transcription (4-6), we further determined the reperfusion-induced degradation of IκBα and activity of IKK. We found that in PARP-1 +/+ mice IκBα content was degraded at 5 and 15 min after reperfusion. It was then replenished at 30 min and degraded again at later time points after reperfusion ( Figure 5 ). The events were preceded by an increase of the phosphorylative activity of IKK. The enzyme activity rose at 30 min after ischemia, reached a peak at 5 min after reperfusion, partially declined at 30 min, and rose again at 45 and 60 min after reperfusion ( Figure 6 ). In contrast, in PARP-1 -/-mice IκBα degradation was inhibited after reperfusion. After an initial increase, activity of IKK declined rapidly, reaching basal levels at the end of reperfusion (Figures 5 and 6 ). At
ARTICLES Figure 3 . Catalytic activity of caspase-1 (A) and caspase-3 (B) in the heart after ischemia (30 min) and reperfusion (60 min). Each data point is the mean ± SEM of 3 to 6 animals for each group. *P < 0.05 compared with time 0 of the same genotype; # P < 0.05 compared with PARP-1 +/+ mice at the same time point.
later stages of reperfusion (24 h), IKK was similarly activated in both experimental groups. The fold increase of IKK activity was 1.35 ± 0.04 and 1.30 ± 0.11 compared with basal levels at time 0 (set to 1), respectively, in PARP-1 +/+ and PARP-1 -/-mice.
Gene Expression of Apoptotic Regulators Is Altered in PARP-1 -/-Mice Subjected to Myocardial Ischemia and Reperfusion
To further examine the role of PARP-1 on gene expression during reperfusion, microarray analysis was performed with heart mRNA from PARP-1 -/-and wild-type mice subjected to myocardial ischemia (30 min) and reperfusion (60 min). The total number of genes differing between PARP-1 -/-and wild-type mice was 402. Genes with known function as cell death regulators were selected for analysis. The results for these known genes and annotated expressed sequence tags are shown in Table 1 and Figure 7 . A similar increase of gene expression of Bcl-2-related proteins, growth arrest, and DNA-damage-inducible proteins, CCAATenhancer-binding protein δ, cell death-inducing DNA fragmentation factor α, mitogen-activated protein kinase kinase kinase 6, and TNF receptor superfamily member 6 was observed in both genotypes ( Figure 7B and Table 1) . A large increase of the TNFα-induced protein 3, the mitogen-activated protein kinase kinase kinase 8, serine proteinase inhibitor clade E member 1, B-cell leukemia/lymphoma 3, quiescin 6, and CCAAT-enhancer-binding protein β was observed in wild-type mice at 1 h after reperfusion.
In contrast, PARP-1 -/-mice exhibited a significant lower expression of these genes. Several cDNAs for other known genes for apoptosis regulators, such as serine proteinase inhibitor clade B member 2, adipsin (BAD protein), calpain 3, caspase 12, growth arrest specific 5, growth differentiation factor 5, histocompatibility 2 Q region locus 7, insulin-like growth factor 2 receptor, peroxiredoxin 2 transformation related protein 53 and clusterin, were significantly upregulated in wild-type mice, but they were downregulated below constitutive levels in PARP-1 -/-mice. The genes for caspase 1, caspase 8-like apoptosis regulator and deathassociated kinase 3 were downregulated after 1 h reperfusion in both genotypes, however the downregulation was significantly more pronounced in PARP-1 -/-mice ( Figure 7A and Table 1 ). On the contrary, absence of PARP-1 resulted in increased expression of several genes of cell growth and death regulators, such as amphiregulin, fibroblast growth factor receptor 3, early growth response 2, mitogen-activated protein kinase kinase 7, and T-cell death associated gene, when compared with genes of wild-type mice ( Figure 7C and Table 1 ). 
DISCUSSION
We previously reported that genetic or pharmacological inhibition of PARP-1 confers resistance to myocardial ischemia and reperfusion injury in rodents (17) (18) (19) . The present study further demonstrates that inhibition of PARP-1 provides cardioprotection and that amelioration of damage is associated with reduction of apoptotic cell death. Furthermore, our data demonstrate for the 1st time that in the absence of PARP-1, cardioprotection is associated with downregulation of the signal transduction pathway of NF-κB and modification of gene expression of apoptotic regulators.
Genetic Inhibition of PARP-1 Preserves Cardiomyocytes from Apoptotic Death
Following ischemia and reperfusion, cardiomyocytes die via necrosis and apoptosis (3) . Caspases, the cysteine aspartyl proteases, are a class of programmed cell death genes that have been characterized as a major executioner of apoptosis (29) . During oxidative stress reactive oxygen species trigger the release of cytochrome c from mitochondria and, subsequently, caspase activation. Active caspases promote cellular demolition by activating other destructive enzymes, such as DNAses, and by directly targeting key structural proteins, such as lamin and actin, and regulatory proteins, thus leading to chromatin margination, DNA fragmentation, and nuclear collapse (29) . In our experiments, we found that caspase-1 and caspase-3 were already activated at the end of the ischemia, thus suggesting that the mitochondrial pathway of apoptosis is a very early event in myocardial injury. Caspase-3, but not caspase-1, has been shown to cleave the 112 kDa nuclear protein PARP into an 85 kDa apoptotic fragment (30, 31) , and this cleavage by caspase-3 has been shown to be necessary for apoptosis (32) . In this regard, the nuclear presence of proteolytic fragments of PARP has been considered a hallmark of an apoptotic cell. However, the role of PARP-1 in apoptosis remains to be determined because conflicting data have been reported. Some investigators have shown that neurons or hepatocytes from PARP-deficient mice do not exhibit any altered sensitivity to apoptotic stimuli, whereas others have demonstrated that pharmacological or genetic inhibition may increase apoptosis in cells subjected to alkylating agents (33, 34) . The family of Bcl-2-related proteins constitutes the most relevant class of apoptotic regulators and, more specifically, the ratio of anti-or pro-apoptotic proteins determines whether the cell will survive or die (35, 36) . Members of the Bcl-2 family physically interact with other proteins, including other family members and these interactions appear to modulate their function. For example, active (unphosphorylated) Bad protein induces apoptosis by inhibiting antiapoptotic Bcl-2 family members, such as Bcl-xl, thereby allowing 2 other proapoptotic members, Bak and Bax, to aggregate, inducing the release of cytochrome c, activation of caspases, and apoptosis (37, 38) . On the other hand, expression of Bcl-2 protein prevents the induction of apoptosis caused by a variety of oxidative stresses, and it can influence the level of caspase activation (35) . In our study, we found that genetic inhibition of PARP-1 reduced apoptosis. This event was associated with reduced activity of both caspase-1 and caspase-3. Furthermore, we found that the Bcl-2/Bax ratio was remarkably increased in PARP-1 -/-mice, shifting the balance toward cell survival and well paralleling with the reduction of DNA fragmentation. To further understand the role of PARP-1 in the regulation of apoptosis, we studied gene expression patterns of known cell death regulators. In agreement with our biochemical and histochemical data, DNA microarray analysis showed that loss of PARP-1 gene is associated with markedly reduced expression of apoptotic regulators. Interestingly, we found that other growth factors and cell death regulators that participate in tissue regeneration and wound repair (such as amphiregulin, fibroblast growth factor receptor 3, and early growth response 2) were increased in PARP-1 -/-mice when compared with wild-type animals. Taken together, our data demonstrated that during reperfusion injury apoptosis is due to imbalance between anti-apoptotic and pro-apoptotic factors. In this regard, inhibition of PARP-1 may reduce ideal triggers for the apoptotic process by shifting the ratio of apoptotic regulators at the genetic level. However, the modest, though significant, changes of apoptotic index in PARP-1 -/-mice (which exhibited approximately 40% reduction when compared with wild-type mice) cannot fully explain the remarkable cardioprotective effects observed. This finding may suggest that reduction of apoptosis may play only a moderate role in the prevention of myocardial damage provided by PARP-1 inhibition. In our study we also found that serum levels of creatine phosphokinase activity were elevated at the end of reperfusion period. It is noteworthy that serum creatine phosphokinase should be considered a standard biomarker for cell necrosis as the enzyme is released from the cytosol after the destruction of the plasma membrane of dead myocytes (39) . On the other hand, in contrast to the swelling and membrane rupture associated with necrosis, apoptotic cells shrink and maintain their membrane integrity (3). It is conceivable that elevated levels of creatine phosphokinase do not reflect the apoptotic cell death, as apoptotic cells, which maintain an intact membrane, may still retain the enzyme. Therefore, these data suggest that during early reperfusion cell death may occur via necrotic and apoptotic processes. Because genetic ablation of PARP-1 is associated with very mild architectural derangement (17) (18) (19) and reduced serum creatine phosphokinase activity, it is possible that the cardioprotective effects of PARP-1 inhibition may be due to prevention of both necrosis and apoptosis.
PARP-1 Participates in the Regulation of Signal Transduction Mechanisms
The overwhelming inflammatory response during reperfusion is regulated at the transcription level. During reperfusion oxidative stress is an important signal for the activation of a complex cascade of protein kinases. At the downstream of the cascade, phosphorylation of IκBα by IKK complex is a prerequisite for the degradation of IκBα and activation of NF-κB (4, 6) . Activation of NF-κB leads to upregulation of adhesion molecules along with a sustained production of pro-inflammatory cytokines, thus creating a pathological loop that may eventually progress to necrotic and apoptotic tissue death (4) (5) (6) . Numerous experimental studies have proven that activation of NF-κB is implicated in myocardial reperfusion injury. Enhancement of NF-κB DNA binding activity has been found in areas of infarction in rodents subjected to myocardial ischemia and reperfusion (25, 40) . With particular clinical relevance, nuclear translocation of NF-κB has been found in cardiac biopsies of patients with unstable angina (41) . In our study, we found that in the absence of PARP-1, the nuclear activation of the transcription factor is depressed during reperfusion in the ischemic myocardial tissue. The inhibition of NF-κB DNA binding may explain our previous data demonstrating that genetic or pharmacological inhibition of PARP-1 reduced the expression of NF-κB-dependent inflammatory mediators. Specifically, inhibition of PARP-1 significantly reduced expression of intercellular adhesion molecule-1 and P-selectin and reduced the release of TNFα and interleukin-10 in in vivo myocardial reperfusion injury (18) (19) . Under the experimental conditions used in our laboratory, the activation of the NF-κB pathway appears to be a very early event within 1 h, as at late reperfusion (24 h), NF-κB was not markedly increased when compared with basal levels. Although it is difficult to translate our findings on time course to the human kinetics of NF-κB activation, clinical observations suggest that reperfusion leads to irreversible injury in a relative short period (42) . Gene expression of cytokines, adhesion molecules, and vasoactive substances, along with increased activity of NF-κB, has been demonstrated in left ventricular biopsies taken after early reperfusion (approximately 40 min) from patients with stable angina pectoris or unstable angina (41) . Thus, these data suggest that therapeutic approaches targeting PARP-1 in the very early stage of reperfusion may exert beneficial effect in the salvage of the ischemic myocardium. Our findings are in line with other reports demonstrating a role of PARP-1 and/or poly(ADP-ribosyl)ation in signal transduction. It has been demonstrated that PARP-1-deficient cells are defective in NF-κB-dependent transcriptional activation and show a down-regulation of inducible nitric oxide synthase (iNOS) after genotoxic stress (43, 44) . In our study, the role of PARP-1 in the regulation of transcription was further supported by the microarray analysis, as we identified several genes with known functions, whose expression patterns were markedly altered in PARP-1 -/-mice compared with wild-type animals. Whether the expression of these genes is secondarily affected by NF-κB activation or other transcription factors remains to be elucidated. It is possible that PARP-1 may regulate several transcription factors other than NF-κB. For example, we have recently demonstrated that activation of activator protein-1 (AP-1) is significantly reduced in immunostimulated PARP-1 -/-fibroblasts (45) and in PARP-1 -/-mice subjected to myocardial reperfusion injury (46) . In a similar report, Ha and colleagues have shown that activation of the transcription factors AP-1, specificity protein-1 (SP-1), octamer transcription factor-1 (Oct-1), Yin Table 1 .
